The changes in intra-atrial blood coagulability of acute phase after development of atrial fibrillation (AF) have not been elucidated in human. In the present study, blood coagulability were examined in the intra-atrial and peripheral regions during the acute phase after development of rapid atrial pacing (RAP) in experimentally created model dog similar to AF, using Total Thrombus-formation Analysis System (T-TAS) that is capable of comprehensively evaluating thrombogenicity in the bloodstream in the microvascular channel. According to the results, both the coagulating functionevaluating time to +10 kPa (T 10 ) and occlusion time (OT) of the AR chip (chip for thrombus analysis mixed with coagulation and platelet) were significantly shortened in the atrial blood as early as 30 min after pacing (T 10 , 150.5 ± 40.5 s; OT, 212.4 ± 44.3 s) compared to the pre-pacing levels (T 10 , 194.5 ± 47.5 s; OT, 259.9 ± 49.5 s) (P<0.05). The OT of PL chip (chip for platelet thrombus analysis) was significantly shortened 30 min after pacing (231.8 ± 57.6 s), compared to the pre-pacing level (289.5 ± 96.0 s) (P<0.05). Meanwhile, none of T 10 and OT of AR and PL chips showed any significant changes in the peripheral blood. The study demonstrated increase of blood coagulability 30 min after development of RAP. While no significant changes were observed in the peripheral blood in the present study, the outcome suggested that the anti-thrombus treatments are better to be started early after AF even if coagulability of the peripheral blood shows no change.
Introduction
Atrial fibrillation (AF) is one of the arrhythmias often observed in humans and dogs [23, 30, 41] . While several AF classifications exist, the Guidelines for Pharmacotherapy of Atrial Fibrillation for humans (JCS 2013) adopt the "incipient, paroxysmal, sustained and persistent" AF classification because it is simple and easy to use for clinicians [20] . According to the classification, paroxysmal AF is restored to normal sinus rhythm with-in 7 days (mostly 48 h) regardless of whether medication or no-medication therapy is implemented [5, 20, 22] , and corresponds to the early phase of AF, considering its long chronic process. Among patients with paroxysmal AF, 5.6-33.1% shift to sustained AF after 7 days [32, 39] .
It is known that thrombus is formed in the heart, especially in the atrium of humans with AF [5, 6, 14, 20, 22-27, 30, 32, 34, 36, 37, 39, 42] . In human medicine, AF accounts for the largest proportion (45%) among the causes of cardiogenic cerebral embolism [14] , and has been the focus of considerable attention among the thromboembolism-causing diseases. Therefore, thrombus formation or predisposition to thrombus formation should be detected at an early stage. When cerebral infarction is caused by cardiogenic thrombus, the prognosis is very poor with a 1-year survival rate of about 50% [24] . According to the findings currently available, no significant difference exists in the cumulative occurrence rate of cerebral infarction between paroxysmal and sustained AF [17] . Even if AF continues for a short time period, the risk of thrombus formation should be considered at all times. However, human and veterinary medicine have not yet revealed at which time do the blood coagulability change in the atrial or peripheral regions after triggered AF [4, 11, 20, 29, 31, 36, 37] .
The risk of developing AF-associated cerebral infarction can be evaluated using CHADS 2 (C: congestive heart failure, H: hypertension, A: age of ≥75 years, D: diabetes mellitus, S 2 : stroke/TIA) or CHADS 2 -VASc (V: vascular disease, A: age of 65-74 years, Sc: sex category) scores of the American Heart Association/American College of Cardiology and European Society of Cardiology. Although not all high-risk patients develop thromboembolism, anticoagulant therapy has been provided for patients depending on their risk score [5, 10, 22] . Thrombus formation was visualized on transesophageal echocardiography [1, 13, 25, 30, 33] . However, this examination was not considered to be applicable to all patients because of its invasiveness. Therefore, the development of any alternative examination index other than clinical findings was desirable for patients who require anticoagulant therapy.
Very recently, the Total Thrombus-formation Analysis System (T-TAS) has been developed for medical use, which can measure the platelet function and coagulation factor function under a condition resembling that of a living person [18, 19, 44] . This system can numerically and visually evaluate, in detail, the thrombus formation in the bloodstream. And T-TAS has also been reported to be clinically applicable in dogs [21] .
In addition to the conventional blood coagulation tests including prothrombin time (PT), active partial thromboplastin time (APTT), and tests for measuring fibrinogen (Fibn), D-dimer, and antithrombin III (AT III) levels, the present study compared and evaluated the blood coagulability in the atrial and peripheral regions immediately after RAP in experimentally created model dog similar to AF, using the new blood-coagulationevaluating equipment T-TAS, aiming to detect, at an early stage, the risk of thrombus formation.
Materials and Methods

Approvals
This study was conducted in accordance with the Ethical Code of Animal Experiment of Tokyo University of Agriculture and Technology (approval No. 27-39). All experimental animal procedures were performed in compliance with the guidelines outlined in the Guide for the Care and Use of Laboratory Animals (2011).
Animals
Sixteen (8 male and 8 female) healthy beagles were included in the study. The animals were 1 to 5 years old, with body weight of 9.0 to 12.5 kg, at the start of the study. They were housed individually in a dog run maintained at a temperature of 21 ± 2°C and a relative humidity of 50 ± 20%, with a 12 h : 12 h light : dark cycle. All animals were received commercial chow twice daily, and water was provided ad libitum in stainless steel containers. Physical examination, routine lead II electrocardiogram (ECG) recording, complete blood count, and blood chemistry analysis were performed to evaluate healthy status in all dogs before the beginning of the experiment.
Methods for creating the model dog similar to AF
Under general anesthesia, a pacing lead was implanted in the animals in accordance with the guidelines provided by Fukushima [9] and Gaspo et al. [12] . In the present study, for stimulation of the atrium by RAP (2 mV, 390 bpm), artificial tachycardia was immediately triggered and maintained in the dog, and hemodynamics resembling the spontaneously developed similar to AF were obtained [9, 12] (Fig. 1) . Briefly, the animals were pre-anesthetized with 30 µg/kg atropine sulfate (subcutaneous injection, atropine sulfate, Mitsubishi Tanabe Pharma Co., Osaka, Japan), 0.2 mg/kg of butorphanol tartrate (intravenous injection, Betorufaru, Meiji Seika Pharma Co., Ltd., Tokyo, Japan), and 0.2 mg/kg of midazolam (intravenous injection, Dormicum, Astellas Pharma, Tokyo, Japan). For induction and maintenance of anesthesia, 6 mg/kg propofol (intravenous injection, propofol, Fresenius Kabi, Tokyo, Japan) and isoflurane (inhalation administration, Isoflu, DS Pharma Animal Health, Osaka, Japan) were administered, respectively. The anesthetized animals were held in the right-side recumbent position, and a thoracotomy was performed at the left fourth intercostal region. A pacemaker electrode lead terminal, dipole electrode lead (TY216-033, Unique Medical Co., Ltd., Tokyo, Japan), was fixed on the left atrium by 5-0 polypropylene sutures (Proline, Johnson and Johnson Co., Ltd., Tokyo, Japan). The intercostal region was closed in accordance with the routine procedures, and the operation was completed after introducing the connecting terminal of the pacing lead with the main body of the pacemaker from the back region to outside the body. Animals were housed to rest for 10 days after the implantation surgery, considering the effect of the surgery. During the resting period, 0.2 mg/kg meloxicam (subcutaneous injection, injection for 3 days, Metacam 0.5%, Nippon Boehringer Ingelheim Co., Ltd., Tokyo, Japan) and 5 mg/kg enrofloxacin (subcutaneous injection, injection for 10 days, Baytril, Bayer Pharmaceutical, Osaka, Japan) were administered for analgesia and infection prevention, respectively. After the resting period, in 8 of 16 dogs (4 male and 4 female), the pacing lead was connected to an external pacemaker, and RAP (2 mV, 390 bpm) was started (Pacing group). On the other hand, pacing was not performed for the remaining 8 dogs (Control group).
Blood sampling
The model dogs were underwent general anesthetized (in accordance with the protocol similar to that used for creating the AF model), and blood samples were collected at 5:00 PM to 8:00 PM. The animals were held in the right-side recumbent position, and the skin was incised at the cervical region to expose the jugular vein. The jugular vein was held with a surgical support thread and slightly incised. A nutritional catheter (Atom nutritional catheter 5 Fr, Atom Medical International Inc., Tokyo, Japan) was inserted in the jugular vein from the incised region. The catheter was led to the right atrium while confirming the tip under X-ray illumination, and "Atrial blood sample" was collected. "Peripheral blood sample" was collected from the lateral saphenous vein by using a 20-G winged needle. Blood samples were collected before and 30 min after the start of RAP. In addition, blood sampling is to be carried out while performing the RAP.
T-TAS
Two different kinds of exclusive chips, the AR chip (chip for thrombus analysis mixed with coagulation and platelet) and the PL chip (chip for platelet thrombus analysis), were used in the T-TAS. The AR chip was coated inside with collagen and thromboplastin. By flowing whole blood into the AR chip, thrombus formation was accelerated by the interaction between platelets and the blood coagulating system. Platelet-containing fibrinrich thrombus was formed, and the pressure inside the chip increased owing to the occlusion of the flow channel. The PL chips were coated only with collagen. By flowing hirudin-treated whole blood into the PL chip, platelets adhered inside the chip and agglutinated (Fig.  2) . The pressure inside the chip increased owing to the occlusion of the flow channel by the formation of platelet-specific thrombus. Coagulation statuses were continuously monitored by determining increases in the pressure inside the chip [17, 18, 43] . Thrombus formation-associated increases in the internal pressures of the AR and PL chips were measured after putting whole atrial and peripheral blood samples into the micro flow channels of the chips. Clogging start time (T 10 ; the time required to reach internal pressure of +10 kPa from the baseline) and occlusion time (OT; the time required to reach +80 kPa from the baseline in the AR chip and +60 kPa from the baseline in the PL chip, respectively) were measured, and the area under the flow pressure curve (AUC: area under the flow pressure curve) of the pressure-increasing curve was calculated (Fig. 3) .
Conventional blood coagulation tests
Each of 0.45 ml the atrial and peripheral blood samples were placed in centrifugal tubes containing 0.05 ml of 3.2% citric acid and centrifuged to obtain plasmas. The atrial blood plasma in Pacing group was tested for prothrombin time (PT), active partial thromboplastin time (APTT), and fibrinogen (Fibn), D-dimer, and antithrombin III (AT III) levels, whereas the peripheral blood plasma in Pacing and Control group, and the atrial blood plasma in Control group were tested for PT, APTT, and Fibn level. A blood coagulation analyzer (Wako Coag 2V: M&T Corporation, Hiroshima, Japan) was used to determine PT, APTT, and Fibn level. D-dimer and AT III levels were analyzed using latex turbidimetric immunoassay (Fujifilm Monolith Co., Ltd., Tokyo, Japan) and a synthetic substrate method (Fujifilm Monolith Co., Ltd.), respectively. These test systems used in the present study are an inspection device developed for human use, but they have been proved to be clinically usable also in dogs.
Statistical analysis
Measurement values were expressed as mean ± SD. To confirm the normal distribution of the measurement values at pre-pacing and 30 min-pacing, normal probability plots were obtained. For measurement values within the Pacing and Control groups, the normality of the distribution was tested using the Shapiro-Wilk and Kolmogorov-Smirnov tests. Measurement values with normal distributions were analyzed using paired t-test. Meanwhile, those without normal distributions were analyzed using the Wilcoxon signed-rank test. To compare the pre-pacing values between Pacing groups and Control group, t-test or Mann-Whitney U-test was performed. P-values <0.05 were considered statistically significant. All statistical processing was performed by statistical software (BellCurve for Excel, Social Survey Research Information Co., Ltd., Tokyo, Japan).
Results
T-TAS:
In the PL chip of the atrial blood of the Pacing group, OT significantly shortened to 231.8 ± 57.6 s at 30 min after pacing, compared to 289.5 ± 96.0 s before pacing (P<0.05) (Fig. 2) . Meanwhile, T 10 showed a shortening tendency, though not significantly, at 136.5 ± 29. Conventional blood coagulation tests: No significant changes were observed from the pre-pacing to 30 minpacing values in the Pacing group, regarding PT, APTT, and Fibn, D-dimer, and AT III levels of atrial or peripheral blood, as they were all within the normal range. Similar observations were obtained in the Control group. Further, no significant difference was observed in the pre-pacing measurements between the Pacing and Control groups (Table 3) .
Discussion
The Virchow triad consisting of (1) change in blood flow, (2) change in blood properties, and (3) change in blood components presents 3 thrombosis-causing factors [2, 26, 43] . Of the 3 factors, hemostasis and change in blood coagulability are considered to be mainly involved in induced AF in human medicine [40] . Thrombus formed by AF in humans used to be called red thrombus, rich in fibrin and erythrocytes, or venous thrombus [27] , but it is now considered to be a mixed thrombus that additionally contains platelets [34] . Nevertheless, our experiment suggested that both platelets and the coagulation system interactively contribute to RAP-caused thrombus formation, since OT of both AR and PL chips of the atrial blood was shortened at 30 min after AF development.
PT and APTT are used in screening tests to examine deficiency or adequacy of coagulation factors in the extrinsic and intrinsic coagulation pathway, respectively [3, 28] . And Fibn, a precursor of fibrin, has a strong netlike membrane structure, with the function of reinforcing a platelet-containing thrombus. In the present study, no significant changes were observed in PT, APTT and Fibn of the atrial blood in either group.
The increase in D-dimer level in human patients with AF is considered useful in confirming thrombus formation [7, 15, 38] . AT III is a physiological serine protease inhibitor that suppresses coagulation reaction in the blood [8, 16] . As a result, coagulation-suppressing function decreases and predisposition to thrombosis develops, as generally known. In the present study, no significant changes were observed in either D-dimer or AT OT and AUC of the PL chip for the atrial blood significantly decreased at 30 min after stimulation compared to the pre-stimulation level. T 10 , OT and AUC of the AR chip for the atrial blood significantly decreased at 30 min after stimulation compared to the pre-stimulation level. No significant changes were observed in T 10 , OT, and AUC of the AR and PL chips of the Control group. No significant differences were observed in the pre-stimulation levels between the Pacing and Control groups. (*Compared with the pre-stimulation level, a significant difference in P<0.05). Measurement values are expressed as mean ± SD. Pacing group: Group with rapid atrial pacing of 390 bpm, 2 mV, n=8. Control group: Group with non-rapid atrial pacing, n=8. Pre, pre-papid atrial pacing; 30 min, 30 min after-papid atrial pacing; AR,chip for thrombus analysis mixed with coagulation and platelet; PL, chip for platelet thrombus analysis; T 10 , the time required to reach +10 kPa of the internal pressure; OT, the time required to reach +80 kPa in the AR chip and +60 kPa in the PL chip; AUC, the area under the flow pressure curve.
III possibly because complete thrombus formation did not occur for a short 30-min period, though blood coagulability changed through activation of the intraatrial coagulation factor. Measurement of the abovementioned coagulation system factors may be useful in evaluating the extent of reaction occurring partly in the entire coagulation cascade [3, 7, 8, 15, 16, 28, 38] . However, such evaluation is done only by piecing together the in vitro reactions. Hemostasis and bleeding under actual biological reactions are controlled by many common factors, a complex reaction consisting of thrombus formation (platelet activity and coagulation factor activity), and the fibrinolytic system. This is a conventional coagulation system test, although it has been considered difficult to use it to monitor thrombus formation. In recent years, coagulation systems using whole blood, such as ROTEM, PFA-100, and T-TAS, have attracted attention [3, 18, 19, 35, 44] . However, ROTEM and PFA-100 are measurement systems used under conditions in which there is no blood flow, which greatly contributes to thrombus formation. On the other hand, in T-TAS, collagen and tissue factors in the flow path activate part of the specimen via the flow of the coagulation-treated whole blood into the microchannel, which is a simulated blood vessel, while changing the flow rate, and this triggers. It is an instrument that can induce physiological thrombus formation that matches that which occurs in vivo. Therefore, by performing T-TAS examination, it is now considered possible to evaluate thrombogenicity, which was not previously evaluable [18, 19, 44] . In the future, it will be important to perform comparisons of T-TAS with other measurement systems.
According to the reports on the timing of thrombus formation in humans, thrombus was formed in 5-14% of the patients with AF, continuing for 2 or more days, and 14% of patients with acute AF [29, 37] , and therefore, platelets and coagulation factors may become active within 12 h after the induced AF [36] . However, T-TAS used in the present study demonstrated that the platelet function and coagulability increased in the atrium as quickly as 30 min after RAP development. In addition, since there was no significant difference in T 10 , oT, and AUC of the AR and PL chips of the atrial blood of the Control group, it was revealed that the thrombogenicity depended on pacing. Nevertheless, formation of thrombus in the atrium was not confirmed at a short 30-min period, and therefore, the 30-min process may not have been long enough for thrombus formation.
As far as we know, no reports that compared the There was no significant difference from before to after rapid atrial pacing in any of the measurement variables in the Pacing and Control groups. No significant differences were observed in the pre-stimulation levels between the Pacing and Control groups. Measurement values are expressed as mean ± SD. Pacing group: Group with rapid atrial pacing of 390 bpm, 2 mV, n=8. Control group: Group with non-rapid atrial pacing, n=8. Pre, pre-papid atrial pacing; 30 min, 30 min after-papid atrial pacing; AR,chip for thrombus analysis mixed with coagulation and platelet; PL, chip for platelet thrombus analysis; T 10 , the time required to reach +10 kPa of the internal pressure; OT, the time required to reach +80 kPa in the AR chip and +60 kPa in the PL chip; AUC, the area under the flow pressure curve.
changes in blood coagulability between intra-atrial and peripheral regions immediately after induced RAP have been published. In the present study, dramatic changes in blood coagulability were observed only in the atrium, while no significant changes were observed in any test items for the peripheral region, possibly because blood stagnation may be less and endothelial disorder may be less caused by physical fibrillating stimulus in the peripheral region. These results suggested that coagulability may have increased in the atrium, even if no coagulative abnormality is observed in the peripheral blood of humans with AF. The AR chip and PL chip used in this experiment it is said that the platelet count are not affected [18, 19] , but in the present study, the detailed examination of these values is not done, so it is necessary to be careful about the interpretation. Also, we have not examined hematocrit in atrial blood. It is said that a difference in hematocrit causes artificial changes in PT and APTT due to changing ratio of anticoagulant in the citrated plasma, and changing hematocrit modulates platelet function due to rheological change in the whole blood. Therefore, the interpretation of the results of atrial blood is considered necessary to be careful enough. In the future, evaluation of platelet count, hematocrit value, atrial motility and histopathological examination may be needed to prove these occurrences.
The animals used were healthy and young at the time of the study. RAP of these animals may be defined as incipient, according to the Guidelines for Pharmacotherapy of Atrial Fibrillation (JCS 2013). Therefore, atrial pathological change in the atrium, which was the basic condition of RAP, should have been mild. Accordingly, the change in atrial blood coagulability of the patients with spontaneous AF may possibly be more dramatic compared with the observation of the present study. And in the present study, we created a hemodynamics similar to AF by RAP at the site where the pacemaker was installed. However, in clinical AF, because the microreentry occurs in various site of the atrium, dogs in this AF model are different from the clinical AF. This may have some influence on the results of this present study. Meanwhile, as pacing was conducted for the left atrium in the present study, the blood was collected from the right atrium, in order to remove the effect of cell damage that might cause thrombus formation and also for the sake of ease in blood collection.
Conclusion
The present experiment demonstrated, using T-TAS, that the platelet function and coagulability increased in the atrial blood at 30 min after induced RAP. The present experiment produced the first report on an analysis of the changes in the coagulability of the atrial blood during the acute phase of RAP in dogs. The observation of the early appearance of thrombotic predisposition suggested that anti-thrombus treatments are better to be started quickly in clinical practice once AF is detected, which may help present a new therapeutic direction.
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